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RESEARCH MEMORANDUM

EXPERIMENTAL, INVESTIGATION OF TATL-PIFE-~
BURNER DESIGN VARIABLES

By W. A. Flemlng, E. William Conrad, and-A. W. Young

SUMMARY

The results of several experimental tall-pipe-burner investi-
gations conducted at the NACA Lewls leboratory during the past few
years are summarized to indicate the effects of tall-pipe-burner
design variebles on the performance and operating characteristics.
Numerous tail-pipe-burner configurations were investigated, many of
which formed orderly series that permitted studylng the effect of a
single design variable. Most of the configurations were investigated
over & wlde range of altitudes and flight Mach numbers.

The date presented indlcate the effect of changes in the prinecipal
design verigbles on tail-pipe-burner performance and, within the limits
of present knowledge, indicate the desireble design features of a tail-
pipe burner that will operate with high combustion efficiency and
exhaust-gas temperature up to an altitude of approximately 50,000 feet.

INTRODUCTION

The advent of tail-pipe burning for thrust augmentation of turbojet
engines has introduced many new problems in turbojet-englne research.
One of these problems is to determine the effects of teil-pipe-burner
design variables on the burner performasnce and operating cheracteristics.
Desligners of tail-pipe burners have been handicapped by a lack of
specific information that would aid in selecting suitable burner
dimensions, flame-holder geometry and size, diffuser shapes, exhaust
nozzles, fuel systems, and ignition systems. As a result, designers
heave often had to resort primarily to trial-and-error experiments based
on a meager background of combustion research.
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The following requirements must be considered 1n designing a o
tail~pipe burner for & given application:

1. Maxirmum thrust 5. Minimum slze

2. Maximum operable range 6. Low internsl-pressure losses

3. High combuetion efficiency 7. Adequate cooling

4. Minimm weight 8. Good control
Each of these requirements conflicts with one or more of the others
and the relative importance of each varies with the perticular burner
application. Maximum thrust, operable range, and combustion effi-
clency would logically be obtained under optimum conditions for com-

bustion; that is, when the velocity of the gas entering the combustion .
zone 1ls low, when there are suiteble sheltered regions in which the
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initial phases of combustion can be sustalned, and when the combustion e

chamber 1s sufficlently long to permit completion of combustion before

the gases leave the exhaust nozzle. On the other hand, minimum weight

and slze require a burner of smell diemeter, which will ineresse the

gas veloclty, or s short burner length, which will reduce the time avail-
able for copbustion of the mixbture within the burner. Low internal-

Pressure losses require a good diffuser design, low gas veloclties, and

the smellest possible flame holder. ‘Provision for cooling requires :
additional weight end may result in some performance loss. Good control . .
requires a dependsble ignition source and a satisfactory continuously
varisble exhaust nozzle, which poses a formideble problem in regard to

cooling and ejector performance. . . L

In order to provide information that would essist designers in
selecting the proper configuration to satlisfy these burner requirements
for a particular epplication, a research program on teil-pipe burning has
been in progress at the NACA Lewls laboratory. Experimental investiga-
tions have been conducted on several types of engine with numerous +tail-
pipe-burner configurations. Some of the results are presented in refer-
ences 1 to 8. Many of the burner configurations formed orderly series
thet demonstrated the effect of changing & single design variable, and .
most of the configuratlons. were investigated over e wide range of simu-
lated altitudes and flight speeds.

Deta obtailned in the altitude wind tunnel with a representative
number of these configurations are summarized in this report to show as
clearly as possible the effect of several design varisbles on the perform-
ance charscteristics of the tall-pipe-burner arrangements investigated,
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and to point out the desirable features in the design of a tail-pipe
burner. - The variables discussed are flame-holder design, .fuel distri-
bution, burner-inlet velocity, combustion-chamber length, taill-pipe
cooling, tail-pipe diffusers, varlable-area exhaust nozzles, and
ignition systems. Over-all performance of a tail-pipe burner that
included a number of the desirable design features is also shown.

APPARATUS
Installation

All of the investigations reported herein were conducted with
axlal-flow-type turbojet engines installed on a wing section in the
altitude wind tunnel. A typical engine and tail-pipe-burner instal-
lation is shown in figure 1. Dry refrigerated air was provided to the
engine through a duct from the tunnel mske-up alr system. This air
was throttled from approximately sea-level pressure to the desired
Pressure-at the compressor inlet, while the static pressure in the
tunnel was so maintained as to correspond to the desired altitude.
The duct was connected to the engine by means of a slip joint with a
labyrinth seal that permitted engine thrust measurements to be made
with the tunnel scales. '

Burner Configuratiens

A typical tail-pipe burner 1s shown in figure 2 to illustrate-
the locetion of the burner cemponents. The fuel injectors were located
in the diffuser sectlon. Sheltered regions for seating the flame were
provided by the downstream end of the diffuser inner body and by the
flame holders, which were 1lnstalled from 3 to 6 inches behind the
diffuser inner body. The tail-pipe combustion chambers were cylindri-
cal, except for one series of configurations, and were approximstely
4 feet in length, except for those cases in which the effect of
combustion-chamber length was being investigated. For most recent
investigations, variable-asrea exhaust nozzles of the clamshell type
were used; however, most of the configurations discussed herein were
investigated with a fixed conilecal exhaust nozzle with the area selected
to glve epproximately limiting turbine-outlet temperature when operating
with an exhaust-gas temperature of 3000° to 3500° R. An internal liner
was installed in some of the burner configurations to provide cooling
of the outer shell. This liner extended the full length of the burner
section and to within about 2 inches of the exhaust-nozzle outlet.
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Two types of fuel injector shown in figure 3 were used.
The injectors consisted of flattened radial spray tubes which injected
the fuel in impinging Jets or in solid jets directed normal to the
tall-pipe gas flow. Fuel injectors of these types were selected
because it was felt that they would provide the desired fuel and air.
mixtures with a minimum obstruction in the diffuser passage. In
addition, such spray tubes can be quickly constructed or modified
without machining operatlons, permitting convenient control of fuel
and air distribution, and requiring no internal fuel msnifold. With
the first type of spray tube (fig. 3(a)), fuel was injected through
impinging jets that provided a flat spray at fuel-supply pressures as
low as 20 pounds per square inch. With the second type of spray tube
(fig. 3(b)), fuel was injected in solid jets normal to the direction of

gas flow. The fuel used in the tall-pipe burners was unleaded gasoline,’

conforming to specification AN-F-48b, grade 80, and the fuel used in the
engines conformed to specifilcation AN-F-32,

The large number of flame holders used in the Ilnvestigations can
be grouped into five general types. Four of the flame-holder types,
illustrated in figure 4, comprised a two-ring V-gutter type flame
holder, a radlsl-gutter type flame holder, a semitoroldal type flame
holder, and a stage-type fuel-cooled flame holder. These types of flame
holder were used in conjunction with the flame seat at the downstream
end of the inner cone. The fifth flame-holder type comprised only the
inner-cone flame seat, which is referred to as the pilot cone.

The two-ring V-gutter flame holders conigisted of two annular .
gutters jolned together by four radial gutters. Flame holders of this
type were designed to provide good coverage Of the combustlon-chamber
area without allowing flame to seat nesr the burner shell., The radial-
gutter flame holder consisted of a single annular gutter from which &
number of radial gutters extended both toward the center of the burner
and toward the outer shell. This type of flame holder was designed to’
block approximately the same area as the two-ring V-gutter flame holders
and at the same time to offer a maximum perimeter from which vortices
and circulation could emanate. The semitoroidal flame holder consisted
of a single ring having s semicircular cross section with the arc
upstream and the downstream side closed. This flame holder blocked
approximately 0.60 as much area as the two- -ring and radial- ~gutter flame
holders and consequently caused less pressure loss.

The stage-type fuel-cooled fleme holder was designed to produce
burning in three stages, with each downstream ring partly immersed in
flame from the preceding ring. This flame holder was cooled by fuel .
supplied to each of the rings through the mounting tubes. The fuel wag
then injected into the gas stream through orifices located at the
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leading edge of the rings. Preliminary experiments indicated the
desiraebility of locating the largest of the three rings upstream.

With the order of the rings reversed, that is, with the large ring
dowvnstream, not only was the burning length for the large ring less,
but the blocking effect of the small forward rings forced the air flow
toward the outer shell and thereby increased the gas veloelty in the
reglon of the large ring, where it was already highest.

The pertinent dimensions and detalls of the configurations
discussed herein are given in table I. These configurations are con-
sidered representative of the large number of configurations investi-
gated.

PROCEDURE AND INSTRUMENTATION

Each configuration was evaluated over a range of altitudes and
flight Mach numbers at rated engline speed. Because a varisble-ares
exhaust-nozzle that would withstand extended periods of tail-pipe
burning was not availsble at the beginuing of the program, fixed-area
exhaust-nozzles were used to investigate the design varisbles. A
variable-ares exhaust-nozzle was used in the later phases of the pro-
gram to determine the over-all performance of & burner that included
a number of the desirasble design features. In order to mske the data
generally spplicable, the operating conditions of the tail-pipe burners
are expressed in terms of burner-inlet totel pressure, total tempersa-
ture, and velocity. At each simulated flight condition, the burner
was operated over a range of tall-pipe fuel-air ratios from approxi-
mately lean blow-out to the fuel-air ratio that gave limiting turbine-
outlet temperature. Tail-pipe fuel-air ratio is defined as the ratio
of taill-pipe fuel flow to unburned air flow entering the tail pipe,
assuming complete combustion of the engine fuel (equation (8), appendix).

The tall-pipe burners were instrumented at the location shown in
figure 5. A comprehensive total-pressure and temperature survey was
made at the turbine outlet with four to six rakes, depending on the
particular engine installation. Static pressure was measured at the
burner inlet with four wall orifices, and a water-cooled survey rake
was installed at the exhaust-nozzle outlet to measure total and static
pressures. Ailr flow was determined from a survey of totael pressure,
total temperature, and static pressure at the engine inlet. FEngine and
tall-pipe Puel flows were individually measured with calibrated rotam-
eters. The manner in which tail-pipe burner performance was calculated
from these measurements is discussed in the appendix.
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- RESULTS AND DISCUSSION
Burner—Iniethonditions

Typical veriations of burner-inlet total pressure, total tempera-
ture, and velocity with tail-pipe fuel-sir ratio during operation with
a fixed-area exhaust nozzle are shown in figure 8 for several altitudes
and two flight Mach numbers. Burner-inlet total pressures and tempera—
tures are considered equal to the values measured at the turbine outlet.

At a given altitude and flight Mach number, an increase in tail- . . _

pipe fuel-air ratio resulted in a rise in burner-inlet total pressure
and total temperature accompanied by a slight reduction in burner-

inlet velocity. An increase in altitude or reduction of £light Mach
number at a given tall-pipe fuel-air ratio lowered the burner-inlet
total pressure and raised the burner-inlet velocity. For some other
engines, a variation in flight conditions had no appreciable effect

on burner-inlet velocity. Because the variation of burner-inlet total
temperature with altitude and flight Mach number is primarily dependent on
the tail-plpe combustion efficiency, the trends of burner-inlet tempera-
ture with altitude and flight Mach number shown in figure 6 are not
general for all configurations.

The exhaust-nozzle area for each series of confilgurations was.
chosen, as mentioned previously, to glve limiting turbine-outlet tempere.-
ture when operating at exhaust-gas témperstures of 3000° to 3500° R.

At low tail-pipe fuel-alr retios, therefore, where the turbine-outlet
temperature was 200° to 400° F below the limiting value, the combustion
efficiencies obtalned may be lower than those obtainsble with = '
varigble-area exhaust nozzle that would permit operation at limiting _
turbine-outlet temperature for all tail-pipe fuel-air ratios. Perform-
ence near limiting turbine-outlet temperature was unaffected, however,
and comparison of trends of the data obtailned with each series of burner
configurations having the same exhaust-nozzle area is wvalid.

In the succeeding figures, the maximum fuel-sir retio represents
Operation at gpproximately limiting turbine-outlet temperature with the
particular size exhasust-nozzle used, and the minimum fuel-air ratio
represents operation near the lean blow-out limit. Except where other-
wise noted, the burner operating conditions_in the succeeding figures
are expressed as the range of burner-inlet pressures and the average
burner-inlet velocity between these fuel-sir ratio limits.
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Flame Holders

Effect of flame-holder arrangement. - In the design of a tail-
Pipe burner, flame-holder design is one of the -primary factors to be
considered. Study of this design variable included an evalustion
of a large number of flame holders having different geometries and .
blocked areas. The performance of seven configurations (series A and
B, table I) sre summsrized in Pigures 7 to 9 to indicate the effect
of fleme-holder design on burner performance. The four series A
flame holders were Investigated in & 29-inch-diameter tail-pipe burner
having an inlet wvelocity of approximstely 420 feet per second, and the
three series B flame holders were investigated in a 32-inch-diameter
burner (installed on a different engine) with burner-inlet velocities
from 425 to 515 feet per second.

Because of the difference in burner-inlet velocity, comparisons
between the data of figures 7 and 8 are not valid; however, comparisons
of the data within elther figure mey be made to indicate the effect of
flame-holder type on combustion efficiency. At burner-inlet totsal
pressures of 2500 to 3400 pounds per square foot (fig. 7(a)) the peak
combustion efficlencies obtained with the four types of flame holder
were within sbout 0.05 of each other., It is noted that the peak
efficlency with the stage-type fuel-cooled fleme holder occurred at
a tail-pipe fuel-i&ir ratio of approximstely 0.029, whereas the pesk
efficiency of the other flame holders occurred at tall-pipe fuel-air
ratios in the reglon of 0.04. This trend was more apparent in data
not included, which showed that the combustion efficiency of the fuel-
cooled flame holder rgpidly decreased in comparison with those of the
other Plame holders at fuel-air rstlos above approximately 0.035. This
decrease in combustion efficlency was probably due to fuel being :
injected close to the gutters, thereby producing a stolchiometric mix-
ture in that region at relatively low over-all tall-pipe fuel-air
ratios, whereas for the other flame holders fuel was more uniformly
distributed at a station some distance upstream. The rapid decresse
in combustion efficiency above & tail-pipe fuel-air ratio of 0.035
precludes operation of the fuel-cooled type of flame holder at high
fuel-air ratlios with high exhaust-gas temperature.

When burner-inlet total pressure was reduced, corresponding to
operation at higher altitudes, the effect of flame-holder design became
more gpperent. Reducing the burner-inlet total pressure to velues
between 400 and 600 pounds per square foot (fig. 7(b)) slightly lowered
combustion efficiency of the two-ring V-gutter type fleame holder,
markedly lowered combustion efficiency of the semltoroidal flame holder,
and resulted in a very weak flame with sttendant low combustion effi-
ciency for the pilot-cone flame holder. Combustion was not obtalnable
with the fuel-cooled flame holder at these pressures.
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The combustlion efficiencies obtained with the conflgurstions
operated at burner-inlet velocitles of 475 to 515 feet per second
(fig. 8) were similarly reduced as burner-ifilet pressure was lowered.
At inlet pressures between 1275 and 1400 pounds per square fdot,
the two-ring V-gutter had the highest combustion efficiency and the
pllot-cone flame holder had the lowest.

Durlng opersation at burner-inlet pressures between 425 and ___
525 pounds per square foot, & sudden rise in combustion efficlency some-
times occurred from a low to a considerably higher level, and the
two-ring V-gutter and the radlal-gutter f£lame holders could be
operated over a range of fuel-air restios at two levels of combustion
efficlency, as shown in figure 8(b). This phenomenon is explainable
from observations of the flame through s periscope; these observations
indicated that immediately following a start at low burner-inlet '
pressures wilth low tail-plpe fuel-gir ratios, the flame seated only
on the pilot cone with the radial-gutter fleme Holder instslled, and
on the pilot cone and inner ring of the flame holder with the two-ring
V-gutter type flame holder installed. As the tail-pipe fuel-air ratio.
was increased, with an attendant rise in burper-inlet temperature and.
pressure, conditions for combustion were progressively improved until
the flame propagsted outward to the remaining flame-holder surfaces;,
resulting in a marked improvement in combustion efficiency. With the
flame then seated on the entire flame holder, it was possible to reduce
tell-pipe fuel-air ratio to relatively low values at the higher —_
combustion-efficiency level. Such operation at the higher efficiency
level and reduced tail-pipe fuel-alr ratios probably resulted from the
higher burner-inlet temperature and pressure and the heneficial effects
of the hot metal surfaces of the flame holder and the burner liner. The
pilot-cone flame holder was inoperative at burner-inlet pressures
between 425 and 525 pounds per square foot. '

Performance of the several flame-holder types is compared in
figure 9, in which the variation of peak combustion efflciency with
burner-intet total pressure is shown for each flame holder. As indi-
cated by these data, higher combustion efficiencies were obtained with
the two-ring V-gutter type flame Holders having a blocked area of about
30 percent than with any other type investigated, particularly at the
lower pressures. At low altitudes corresponding to burner-inlet
bressures sbove approximately 2000 pounds per square foot, combustion
efficlency was not greatly affected in most cases by flame-holder type.
As mlght be expected, the pllot-cone flame holder having the same fuel
system used wilth each of the other flame holders (except the fuel-cooled
flame holder) had the lowest combustion efficlency at all altitudes.
Wevertheless, fleme holders having low bloecked area, such as the pilot-
cone or semltoroidal flame holders, may be most suitable for installa-
tions requiring tall-pipe burning only at take-off or at low -altitudes.

A
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With such an installation,the slight sacrifice in combustion effilclency
at these operating conditions masy be outweighed by the reduced tail-pipe
pressure losses during the remainder of the flight with the burner
inoperative. It should be noted that as the burner-inlet total pressure
was raised sbove approximately 2200 pounds per square foot, a slight
reduction in combustion efficiency occurred with some of the flame
holders. The reason for this reduction is not fully understood,
although it is attributed to a change in the fuel-alr retio distribution
with altitude as a result of the variation in fuel injection pressure
and turbine-outlet flow distribution.

Effect of gutter width and gubtter angle. - With the two-ring
V-gutter type flame holders, which were shown to have higher combustion
efficiencies than the other flame holders investigated, it has been
found that gutter size and gutter angle affect the performance and
operating limits. In several investigations at the Léwis laboratory,

it has been observed that V gutters measuring'l% to 2 1lnches across
the open end had significantly higher combustion efficiencies and
higher altitude operating limits than smaller gutters. An isolated

investigation with a 3-inch gutter indicated no further improvement in
performance.

The effect of gutter angle on combustion efficiency, gshown in
figure 10, was investigated by operating a tail-pipe burner with three
different two-ring annular V-gutter flame holders which were identical
except for the included angle of the gutters. Annular V gutters having
included angles of 20°, 359, and 50° were used for the three flame
holders, with the width across the open end of the gutters maintained
at l% inches; consequently each blocked approximately 30 percent of the
combustion-chamber cross-sectional area. At burner-inlet total pressures
of 1275 to 1475 pounds per square foot (fig. 10(a)),veriation in gutter
angle had only a slight effect on combustion efficlency, but at inlet
pressures of 425 to 525 pounds per square foot (fig. 10(b)) the com-
bustion efficiency with a 50° gutter angle was conslderably below that
with the other two gutter angles. For most conditions,the highest.
efficiencies were obtained with a 35° gutter angle. These date are
summerized in figure 11, in which variation in pesk combustion effi-
clency with gutter angle is shown. The gutter angle giving the highest
combustion efficlencles decreased from gpproximately 35° to 25° as the
average burner-inlet pressure was reduced from 1400 to 500 pounds per
square foot. The decrease in combustion efficiency that accompanied
a reduction in burner-inlet pressure became more pronounced as the
gutter angle was increased.
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The dats thus far presented have indlcated that at low burner-inlet
pressures the best performance characteristics can be obtained with a
two-ring V-gutter type flame holder having a gutter angle of 25° to 359,
a blocked area of 30 percent of the combustion-chamber area, and measur-
ing l% to 2 dinches across the open end of the gutters. This general

flame-holder arrangement was selected for the investigation of the other
tall-pipe burner variables discussed in this report. o

Fuel Distribution - : -

After a flame holder has béen selected, 1t ls necessary to establish
the fuel distribution that will give maximum combustion efficiency.
Because maximum combustion efficiencies at high fuel-alr ratios can be
expected with a perfectly homogeneous mixture, the attainment of meximum
exhaust-gas temperature, which requires high efficiency at approximately
stoichiometric’ fuel-air ratio, would require that fuel be so injected
that the air and fuel mixture is uniform across the burner. Attainment
of such & mixture requires that the fuel dlstribution across the burner
be tailored to each engine, because the velacity profile near the tur-.
bine outlet, and consequently at the burner Inlet, differs from one
engine meke or model to another. Some typlcal veloeclty distributions,
measured near the turbine outlet of three different engines, are shown
in figure 12. In general, the veloclities were highest nesr the outer
wall of the tall-pipe diffuser and decreased near the inner wall,
requiring s corresponding radisl varlation in fuel distribution to
obtein a unlform fuel and air mixture.

Another factor taken into account in selecting the fuel distri-
butions used in this investigation was the provision of a lsyer of
fuel-free gas at the burner inlet for the purpose of cooling. Part of
this layer passed between the liner and the burner shell and part along
the inner wall of the cooling liner. Further refinements in tail-pipe
cooling techniques mey obviate- -the need for such a layer of fuel- free
ges along the inner wall of the liner. :

Effect of radigl fuel dlstribution. - The effect of radial vari-
ations in fuel distribution on tall-pipe performance is summarlzed by
the date obtalned with two series of injector configurations that were
progressively altered to give more nearly homogeneous fuel-aslr ratio
distributions. Location of the fuel-injection orifices for these con-
figurations 1s shown in figures 13 and 14, which sre drawn to scale,
and the performance with these locations are compared in figures 15 and’
16. Tor one seriles of conflgurations (fig. lS),erl was -injected lnto
the annular diffuser through 12 streasmlined spray tubes, similar to those

A
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1llustrated in figure 3, located 102 inches upstreaﬂ of the flame

holder. Injection of fuel falrly close to the inner cone with these
two configurations resulted in a rich fuel-air mixture at the center
of the burner. This rich zone was found desirable for providing a
stable flame on the pilot cone. For the other series of configura-
tions, a conical diffuser was inserted between the outlet of the
annular diffuser and the burner inlet. The fuel injectors (fig. 14)

were Installed in the conical diffuser 20% to 23% inches upstresm of

the flame holder. This slight difference in mixing length emong the
three configurations of series E was considered to have no significant
effect on the performance. With this series of configurations, fuel
was injected through 20 conical spray nozzles for configuration El

and through 20 streamlined spray tubes for configurations E2 and E3.
With the D series of configurations (fig. 13), the gas velocitles were
highest near the outer wall of the diffuser, whereas, with the E series
(fig. 14), the highest velocities were near the center of the flow
passage due to flow separation at the juncture of the annular and
conlcal diffuser sections. '

Progressively altering the injectors for both series of con-
Pigurations so as to obtain & more homogeneous fuel and air distril-
bution raised the peak combustion efficiency at each burner-inlet
pressure and shifted the region of pesk combustion effieclency to &
higher fuel-air ratio (figs. 15 and 16). Both factors contributed
to the attainment of higher exhaust-gas temperetures. The lmproved
performance at high fuel-alr ratios was obtained, however, with
8 sacrifice in combustion efficiency at the low fuel-alr ratios.

These trends indicate the necessity of a dual fuel-injectlon system

if high combustlion efficiencies are required over a wide range of fuel-
air ratlos. Such a dual Injection system should provide locally rich
mixtures in the region of the flame-holder. gutters for low fuel-air
ratio operation and a uniform mixture for high fuel-air ratio operation.

Effect of direction of fuel injection. - In order to determine
whether the direction in which the fuel was injected into the gas
stream by the spray tubes had any effect on combustion efficiency, fuel
was injected in an upstream direction, a downstream direction, and from
elther side of the spray tubes normal to the direction of flow. The
results obtained (fig. 17) indicated no sppsrent effect of the direction
of fuel injection on combustion efficiency. Absence of any effect is
indicative of poor penetration of the fuel jets injected upstream or
normel to the gas flow because of the high stream velocity. A relatively
large number of . spray tubes may therefore be required to obtain circum-
ferential uniformity of distribution.

m
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Effect of mixing length. - It was felt.that increassing the mixing
length between the fuel Injectors and the flame holder, thereby allow-"
ing more time for vaporization of the fuel, might jmprove combustion
efficiency. The effect of so increasing the fuel mixing length from

lT— to 25— inches is shown in figure 18, At burner-inlet total pres-
sures of'lZOO to 1425 pounds per square foogt, the peak combustion effi-

clency was raised only about 5 percént by this increase in mixing length;

however, at burner-inlet total pressures of 450 to 525 pounds per
square foot,the peak combustion efficiency was raised 35 percent, indi-
cating the desirability of long mixing lengths, particularly at low
burner-inlet pressures.

Burner-Inlet Velocity

The detrimental effect that high velocltles have on.combustion.
efficlency is recognized. Uncertalnty has -existed, however, conceruning
what veloclties might be considered high for a tail-pipe burner and how
serious high inlet velocities are. In order to investigate the effect

of burner-inlet velocity, three cylindrical tall-pipe combustion chambers

4 feet long and 29, 32, and 34 inches in dlameter, respectively, were
successively installed on an engine. Each combustion chamber included
a two-ring V-gutter flame holder that blocked 27 to 30 percent of the
combustion ares and had a gutter width of approximately l; inches. All
configurations were operated with the same exhsust=nozzle srea. In
addition, the 29-inch-diameter burner configuration was operated on
another engine of different design. Data for three of these configura-
tions with inlet velocities from 420 .to 555 feet per second: are shown

in fligure 19. L _ o

Within the accuracy of the data, no significant change in com-
bustion efficiency was caused by increasing burner-inlet velocity from
420 to 510 feet per second, except at low tall-pipe fuel-air ratios.
At ‘low lnlet pressures, however, the combustion efficiency was con-

siderably reduced when burnér-inlet velocity was further increased to

560 feet per second. Although the performsnce data are not available,
operation wilth the fourth configuration at burner-inlet velocities
slightly sbove 6800 feet per second was possible at inlet pressures as
low a8 spproximately 900 pounds per square foot. Combustion appeared .
to be unstable at this condition and no operation was possible with '
this inlet velocity at a burner Inlet pressure of 6OO pounds per

square foot.

The effect of inlet velocity on teil-pipe burner performance is
summarized in figure 20, in which the variation of peak combustion
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efficiency and total-pressure-loss ratio with burner-inlet veloelty are
shown for several inlet pressures.. These data show that at low burner-
inlet pressures, maximum combustion efficlencles were obtained when the
burner-inlet veloclity did not exceed 450 to 500 feet per second. At

a given burner-inlet velocity, the difference in momentum pressure loss
between high and low burner-inlet total pressures was apparently within
the accuracy of the data, permitting over-all total-pressure-loss ratio
to be represented by a single curve. In addition to the reduction in
combustion efficlency with increased burner-inlet veloeity, there was
an appreclable rise in tobal-pressure-loss ratio. This lncrease in
total-pressure-loss ratio with increased burner-inlet velocity would
be reflected 1n a lower sugmented thrust for a glven exhasust-gas
temperature. Also, with the burner inoperative, the attendant rise in
friction pressure loss would reduce the avalilable thrust. It is there-
fore desirable from considerations of both combustion efficiency at
high altitude and pressure loss to maintailn burner-inlet velocity as
low as possible.

At high burner-inlet pressures, corresponding to operation at sea
level or at low altitudes and high flight speeds, low-frequency flash-
back into the diffuser or high-frequency screaming combustion sometimes’
occurred. Operation with screaming combustion bhas resulted in very
severe pressure pulsations that caused damsge to the burner. In scme
instances the flame seated in flow-separation regions on the diffuser

inner cone or on the lee side of the struts, thereby immersing the flame
holder in flame and causing it to burn out. These problems may be

aggravated in burners designed to operate at low inlet velocities,
inasmuch as low velocities near the diffuser exit are conducive to
flashback. Methods of eliminsting flashback or screaming combustion
are not yet available; however, improved diffuser design may relieve
these conditions. A dual fuel-inJjection system may also be required
to optalin the advantage of upstream injection for high-altitude opera-
tion and to reduce the tendency for flashback by injection near the
flame holder at low altitudes. Burning on the lee side of the struts
has been eliminated by shortening the chord of the struts and so
relocating the fuel injectors that fuel was injected downstream of the
strut trailing edges. '

Combustion-Chember Length

The effect of combustion-~chamber length on tail-pipe combustion
efficlency, shown in figure 21, was investigated by using nominal
lengths of 2, 4, and 6 feet in otherwise identical burner configura-
tions. These burners were 32 inches in diameter, included a two-ring
V-gutter flame holder, and were operated at burner-inlet velocities of
470 to 525 feet per second. At lnlet pressures of 1300 to 1450 pounds

. TOYE

T e e mmeaem

T ATV




. . m‘”! NACA RM E50K22

per square foot, only slight reductions in combustion efficiency resulted
from decreasing the length from 6 to 4 feet, whereas at inlet pressures
of 425 to 575 pounds per square foot,this reduction in burner length
lowered peak combustion efficiency 33 percentage points. A further
reduction in length to 2 feet decreased the peak combustion efficiency
approximately 11 percentage points at inlet pressures of 1300 to 1450
pounds per square foot, and at inlet pressures of 425 to 575 pounds peér
square foot the peak combustion efficlency was only 11 percent.

The effect of combustion-chamber length.on pesk combustion effi- _
clency and total-pressure-loss ratio is shown in figure 22. At burner-
inlet total pressures from 1350 to 2150 pounds per square foot, an
increase 1n burner length from 2 to 4 .feet resulted in an increase in
Deak. combustion efficiency of approximately 11 percentage points. A
further increase in burner length from 4 to 6 feet produced only slight
additional improvements in combustion efficiency. At burner-iniet total
pressures from 425 to 525 pounds per square foot, however, where the
combustion efficiency was only 11 percent with a 2-foot burner length,
increases 1n nominal burner length from 2 to 4 feet and from 4 to 6 feet
raised the combustion efficiency to 25 and 58 percent, respectively.

As would be expected, total-pressure-loss ratio rose only slightly,
approximately 0.006, &s combustion-chamber lergth was increased from
2 to 6 feet. The increase in tail-pipe combustion efficiency that can

be obtained by lengthening a combustion chamber will therefore be ) S

accompanied by only a negligible loss in augmented and unsugmented thrust.

Tall-Pipe Cooling

In attempts to obtain maximum thrust and consequently maximum
exhaust-gas temperature with tall-pipe burning, cooling of the tail-
pipe shell and the exhaust nozzle becomes an important consideration.
One method of cooling the tail-pipe shell is to provide a layer of
unburned gases at approximately turbine-outlet temperature along the
inside of the burner shell. Such a layer of relatively low-tempersture
gases can be obtained by so distributing the fuel and positioning the .
flame holder that no burning takes place near the outer wall. This
method of cooling is satisfactory when meximum thrust augmentation is
not required, such as operation with a center-~pilot or single ring _
flame holder. For operation at maximum obtainsble exhsust-gas tempera-
tures, particularly at high altitudes where the fuel 1s injected well
upstream of the flame holder to obtain improved combustion efficiency,
control of fuel.distribution so as to keep the burning away from the
outer shell was difficult.. In such cases, thé exhaust nozzle and the
downstream portion of the burner shell often became overheated.

5 %ﬁ
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It was felt that a solution to this problem might be installation
of a liner inside the burner shell, ass shown in figure 2, with a small
radial space between the liner and the shell through which gas at
approximately turbine-outlet temperature could be directed. Several
such liners were investigated in a tall-pipe burner 4 feet in length
incorporating a conical exhaust nozzle. Operation with several liners
having radial spacings of 1/2 to 1 inch between the liner and the
burner shell, and extending upstream 2 to 4 feet from the burner outlet
indicated that most effective cooling was obtained with & liner extend-
ing from the burner inlet to within 2 inches of the exhaust-nozzle
outlet and having a radial spacing between the liner and burner shell
of approximately 1/2 inch. A radial spacing of less than 1/2 inch
gpparently would be satisfactory from cooling considerations, but
structural considergtions of the installation dictated this dimension
as a practical minimum.

Typical taill-pipe burner-shell and liner temperatures measured at
the downstream end of the burner are compared with exhaust-gas tempera-
ture 1n figure 23. The- liner extended from the burner inlet to within
2 inches of the exhaust-nozzle ouftlet with & radial space of 1/2 inch
between the liner and burner shell. Approximately 6 percent of the
tail-pipe gas flowed through the radial space. Because a fixed-area
exhaust nozzle was used, turbine-outlet temperature increased with
exhaust-gas temperature; the results are therefore presented as
functions of turbine-outlet temperature. As exhaust-gas temperature
was increased to 2900° R, with an attendant rise in turbine-outlet
temperature to 1680° R, temperatures of the burner shell and burner
liner rose to.1460° and 2120° R, respectively. Although the downstream
portion of the inner liner reached temperatures at which the metal
strength was greatly reduced, the low stress on the liner precluded
rapid failure.

Later investigations at exhaust-gas temperatures up to 3500° R
with & cooling liner extending the full length of a tall-pipe burner
and fixed portion of a varisble-area exhaust nozzle indicated that
sufficient cooling was provided to prevent any portion of the outer
shell from exceeding a temperature at which it glowed a dull red in
darkness. Metal temperatures were not measured during these later
investigations; however, it was observed that during such operation the
inner liner appeared to be at a yellow heat for & few inches upstream
of the exhaust-nozzle outlet. This cooling liner, which is shown in
figure 24, was still in satisfactory condition after approximstely
40 hours of operatlon over a range of conditions, including & number of
runs et exhaust-gas temperatures between 3000° and 3500° R.
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Particular attention must be given the method of supporting such
a liner because of differential expansion between the liner and the
burner shell, and because over a portlon of the liner a higher pres-

sure exists in the cooling passage than in the burning region. After

investigating seversl methods of support, it was found that the use
of interlocking, longitudinsl stringers along the burner shell and
inner liner, as indicated in figure 24, was most satlsfaqtory. This _
arrangement maintained the liner at the propér distance from the burner
shell, yet permitted differential expansion in both the longitudinal
and circumferentisl directions. Because the longitudinal forces on )
the liner were in the rearward direction, the liner was prevented from
shifting longitudinslly in the burner shell by the convergence of the
exhaust nozzle.

It should be pointed out there there waes some heat transfer from
the tail-pipe burners to the external air strean, which varied in .
temperature from 09 to 100° F and flowed over the burner shell at
velocities of 25 to 75 feet per second. In addition, there was some
radiation to the tunnel wall. Therefore, although the results indl- _.
cate that an inner liner will provide adequate shell cooling for an
exposed instellation operating at exhaust-gas temperstures up to '
35000 R, it is possible that some external cooling mey also be
required when the burner is enclosed in a shroud or a nacelle. L

Ignition Systems

Tgniting the mixture of fuel and air in the tail-pipe burner has
proved to be a troublesome problem. Two of. the many arrangements of
spark plugs and pilot fuel nozzles that have been used are shown in
" figure 25(a). One ignition system consisted of a very small ram jet
located just shead of the main flame holder. The ram jet had its own

inlet diffuser, fuel nozzle, spark plug, and flame holder, and was __“ ;“

intended to send a Jjet of flame back to the main flame holder. A
number of different modifications of this arrangement proved com-
pletely unrelisble. Another asrrangement consisted of a spark plug
located in a depression at the end of the diffuser inner cone. The
spark plug was used to ignite fuel supplied to the pilot region by

a separate nozzle in the pilot zone or fuel. supplied_from the main
fuel-spray tubes. This system was effective up to altitudes of
30,000 to 40,000 feet when the spark plug operated but it was diffi-
cult to maintain high-volitage insulation inside the tail pipe. When
the ignition system did not operate, the stand-by method of igniting
the tail-pipe burner fuel was a rapid accelération of the engine,
which resulted in & burst of flame into the tail pipe. This method
proved effective but is not good operating procedure.
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The most satisfactory scheme for igniting the tall-pipe-burner
fuel was an outgrowth of the use of engine accelerations for ignition.
With this scheme (fig. 25(b)), as soon as fuel was introduced into
the tail-pipe burner, additional fuel was inJjected into one of the
engine combustors for 1/2 to 5 seconds in sufficient quantity to
approximately double the fuel-air ratio in that combustor. The momen-
tary rich mixture in the combustor produced a streak of flame in the
tall pipe sufficient to ignlte the tail-pipe burner fuel; hence the
names "hot-stresk” or "hot-shot" by which it is known. The location
at which the additional fuel is injected does not appear to be impor-
tant. In some instellations the flow through one of the main engine
fuel nozzles was momentarily increased, and in other instellations
the fuel was injected eilther in a solid jet from an orifice or from
a spray nozzle directed through a hole midway down the combustor liner.

Dependsble ignition with a number of tail-pipe burner configura-
tions has been obtained with this system at altitudes up to 53,000 feet.
As many as 100 to 300 starts have been made on each of several engines
using this system for 1/2- to D-seconds duration. As a result of the
thermel lag of the metal surfaces momentarily exposed to the ignitor
flame, there has been no sign of damage to the engines on which it was
used. Use of the hot-stresk ignitor at this laboratory has been con-
fined to engines having can-type combustors; however, satisfactory
operation hss been obtalned elsewhere with engines having annular-type
combustors.

With the use of specification AN-F-58 fuel.in tall-pipe burners,
consistent autcignition has been obteined at turbine-outlet temperae-
tures above 1150° F at an altitude of 25,000 feet and at approximately
1300° F at 50,000 feet. With one burner, the fuel-sir ratio required
for ignition in this manner was spproximastely 0.0l at an altitude of
25,000 feet and above 0.03 at en altitude of 50,000 feet. Similar
trends were obtained with another burner, although autoignition could
be obtained with a slightly lower fuel-air ratio at an altitude of
50,000 feet. Ignition under these conditions is possible because of
the relatively low surface-lgnition temperature of specification
AN-F-58 fuel, 4950 F. The fuel previously used almost exclusively
in tail-pipe burners st the Lewis laboratory, unleaded gesoline con-
forming to specification AN-F-48b, has a surface ignition tempersa-
ture of 5700 F. Autoignition was not obtained with AN-F-48b under
the minimum conditions at which AN-F-58 ignited. Further experience
with autoignition of specification AN-F-58 fuel 1s necessary to deter-
mine whether there are any objectionable characteristics of this
ignition scheme such as explosive ignition.
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Tall-Pipe Presgsure Losses -

One factor of importance in selecting a tail-pipe-burner design
is the loss in unaugmented thrust. This lossg is induced by increased
total-pressure losses across the tall-pipe burner and by reductions
in effective nozzle~velocity coefficient. The effect of tail-pipe

P,-Pg . . R
total~pressure-~logs ratio i on the ratio of unaugmented net

thrust with no tail-pipe total-presuure losses is shown 4in figure 26
for several values of effective nozzle-veloelty coefficient. These
results, which were calculated for an altitude of 30,000 feet and a
flight Mach number of 0.8, are based on performance values of current
engines operating at normal rated cruise conditions. As shown in fig-
ure 26, an incresse in total-pressure-loss ratioc of 0,05 results in a
loss in net thrust of approximately 2.5 percent, and & decrease in

. veloecity coefficient of 0.05 results in a net-thrust loss of spproxi-
mately 7 percent. Calculations for other flight speeds and altitudes
indicate that the results are affected only slightly by changes in
flight conditions. As flight Mach number is increased, the effect

of velocity coefficient on the thrust ratio increases slightly and
the effect of pressure loss remeins gbout the same. As altitude is
incresased, the effect of these varisbles on the thrust loss is
decreased slightly.

Varidble~Area Exhaust Nozzles

One of the items required for efficient thrust modulation of a
tall-pipe burner 1ls a continuously varigble-area exhaust nozzle. At
the present time one of the most promising is the clamshell-type nozzle.
The two mosgt important considerations in designing a clamshell nozzle
sre its efficiency in producing thrust and its durability. High effi-
ciency can be obtained by using & nozzle haeving a planar outlet and by
eliminating leakage between the fixed and movable portions of the
nozzle, as discussed in reference 9. Dursbility can be obtalned by
providing cooling, by designing the nozzle so that it does not warp
or Jam, and by providing adequate sealing between the movable and
fixed portions of the nozzle.

Several clamshell-type continuously varisble-eres exhaust nozzles
of different designs have been used on tail-pipe burners at this
laboratory. Four of the nozzles that have been used are shown in
figure 27; nozzles A and B were commercielyy designed, and nozzlés C
end D are of NACA design, Nozzles A, B, and C were sesled by thin
spring metal strips welded to the fixed portion of the nozzles and

A"
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meking contact with the moveble lips. For nozzle D, the movable lips
retracted into the space between the outer shell and cooling liner of
the nozzle. Sealing was provided by Inconel braid attached to the
outer surface of the moveble lips.

When closed or partly closed the outlet of nozzle A was non-
planar, which resulted in considereble spreading of the Jet parallel
to the major axis of the outlet. As a result, considersble thrust
loss was encountered with this nozzle as compared with that for a fixed
conical nozzle (reference 9). In addition, warpage and inedequate
sealing were encountered with this nozzle. After s few minutes of
operation with tail-pipe burning, it became impossible to operate the

movable lips beceuse of warpage of the nozzle.

For nozzle B, which had a planar outlet in both the open and
closed positions, and for which the sealing was improved over that of
nozzle A, the effective velocity coefficient was epproximately the
same as that of a fixed conical nozzle (fig. 28(a)). The effective
veloeity coefficient is defined as the ratio of thrust measured with
the tunnel balance to thrust calculated from rake measurements obtained
a short distance upstream of the outlet of the fixed portion of the
exhaust nozzie. Although the effective veloecity coefficient is
slightly higher than the velocity coefficient obtained in the usual
manner from pressure measurements at the nozzle inlet, it is felt that
the difference is small. Other work indicates that nozzle velocity
coefficients are primarily dependent on the manner in which the Jet
leaves the nozzle exit, therefore, because the differences in nozzle
geometry between the fixed- and varieble-area nozzles occur downstream
of the survey plane, the comparisons are considered valid. When the
Pressure ratio across the exhsust nozzle was subcritical, below
approximately 1.8, the effective veloecity coefficient was lowest near
the intermediate nozzle position. where the outlet was nonplanar. At
supercritical pressure ratios, nozzle position had no appsrent effect.
This nozzle was used for spproximately 8 hours of taill-pipe-burning
operation without structural failure. For a given presuure ratio
across the exhaust nozzle, the thrust was considersably higher with
nozzle C than with nozzle A, and was nearly as high as with a conical
nozzle (reference 9). Nozzle C also provided reasonsbly good sealing
and was undamsged after 40 minutes of tail-pipe burning.

Nozzle D, which wes designed to provide sealing between the fixed
and movable portions of the nozzle in a relatively cool region, is most
most promising with respect to installaetion in & nacelle or fuselage
structure where space is limited in the region of the exhaust nozzle.
Effective velocity coefficients for this nozzle and a fixed conical
nozzle are compared in figure 28(b). Although scatter of the data
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prevent asccurate determination of the effective velocity coefficients,
the mean value at each pressure ratlo sppears to approximate that of .
the fixed conical nozzle. Unlike the other nozzles, sealing between
the fixed and moveble portions of this nozzle is not essential
because any leakage flow passing between the fixed and movable por-
tions is exhausted in a rearward direction. Warpage of the cooling
liner near the nozzle outlet occurred after approximately 1 hour "of

operation with tail-pipe burning; however, considersbly longer life  .___ .

should be obtainable by improved design of “the cooling-liner support e

in the exhaust~-nozzle section. -

Diffusers

Becsuse turbine-outlet gas velocity is for most engines within
the range shown in figure 14, the flow must be diffused to approxi-
mately half of the turbine-outlet veloeclty to obtaln acceptable burner
performance and operation. Deslign of the tail-pipe diffuser to obtain
meximum pressure recovery is therefore importsnt-in minimizing losses
in both augmented and uneugmented thrusts. The task of efficient dif-
fusion is usually complicated by a radial veloclty gradient at the
turbine outlet and by the requirement thet a minimum length be used
for diffusion.

Variation of the over-sll friction total-pressure-loss ratio with
corrected engine speed measured with the burner inoperative is ghown
in figure 29 for a tail-pipe burner having two different diffusers
installed. The diffuser having the long inner cone was used in config-
uration J1 for which over-all performance data are presented. A two-
ring V-gutter flame holder blocking 30 percent of the cross-sectional
area was instelled in the burner. Also included in figure 29 are the .
friction totael-pressure-loss ratios for the standard engine tail pipe,
the friction total-préssure-loss ratlos for one of the diffuser-
burner combinations with no flame holder installed, and sketches
showing the lines of the diffusers and standard engine tail pipe.

The areas of both-diffusers increased gradually at the forward end
where the velocities were highest, and the inner cones followed the
same lines to the station at which the area ratio was 1.3, after which
. the short cone had & much more rapid ares c¢hange than the long cone. '
Area ratio is defined as the ratio of the flow area under considera-
tion to the inlet flow area. The over-all area ratio of the diffusers
was 2.10, which gave an average burner-iniet velocity of 465 feet per
second at rated engine speed. The diffuser configurations and the
mitted operation at epproximetely limiting turbine-outlet temperature
at rated engine speed with no tail-pipe burning.

':"'quqrq' TR
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Comparison of the data for the two configurstions with the flame
holders installed indicstes that shortening the inner cone and enlarg-
ing the pilo% zone at the end of the inner cone raised the over-all
total-pressure-loss ratio at 97.5 percent of rated speed from 0.046 to
0.053, which corresponds to a net-thrust reduction of less than
0.5 percent. With the flame holder removed from the burner having the
short cone diffuser, the total-pressure-loss ratioc at rated speed was
lowered to 0.031, which was approximately the same as for the standard
engine tail pipe. Although installation of the burner in place of the
standard tail pipe had & negligible effect on the teil-pipe pressure
losses, installation of the flame holder raised the total-pressure-loss
ratio of the diffuser-burner combination by 0.02 with an attendant
reduction in net thrust of ebout 1.0 percent. '

Typical Performance Characteristics

The over-all performance of a tail-pipe burner including a number.
of the desirable design features thus far discussed was obtained from
reference 7 and is shown in figures 30 and 31 for .altitudes of 25,000
and 45,000 feet and several flight Mach numbers. Details of the
burner, which included a V-gutter type flame holder, radial spray
tubes, a continuously varisble-areas exhaust nozzle, and & cooling
liner, are given in table I (configuration Jl). The maximum teil-pipe
fuel-air ratios represent operation near limiting turbine~cutlet tem-
perature with the varisble-area exhaust nozzle completely opened,
except at flight Mach numbers gbove 0.59 at an altitude of 25,000 feet
where overhesting of the burner shell occurred, and at £light Mach
numbers above 1.08 at an altitude of 45,000 feet where maintaining
the test conditions became exceedingly difficult. The minimum tail-
pipe fuel-gir ratios at each flight condition are well sbove the
Jean blow=-cut limit.

At each altitude and tail-pipe fuel-air ratio, the increases in
turbine-outlet pressure that accompanied increases in flight Mach
nunber raised combustion efficiency and thereby increased exhaust-geas
temperature. At a given fuel-air ratio, the augmented thrust ratio
also incressed with flight Mach number. At an altitude of 25,000 feet
and fuel-air ratios above 0.045, flight Mach number had no apparent
effect on specific fuel consumption; at an altitude of 45,000 feet,
however, the specific fuel consumption was reduced as flight Mach num-
ber was increased. Peak combustion efficiencies occurred at tall-pipe
fuel-air ratios between 0.04 and 0.05 and decreased only slightly at
higher fuel-air ratios. The trends of exhaust-gas temperature and
sugmented thrust ratio therefore indicate that further increases in
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sugmented thrust would be obtalned with a larger exhaust nozzle, which
would permit operation at higher fuel-air ratios. Peak combustion
efficiency decreased. from approximately 0.88 to 0.71 as burner-inlet
total pressure was reduced from 2254 to 772 pounds per square foot.

A further reduction in inlet pressure to 592 pdunds per square foot
lowered the peak efficiency to 0.58. The highest exhaust-gas tem-
peratures obtained with this configuration were approximately 3500° R
at an altitude of 25,000 feet and 3300° R at an altitude of

45,000 feet, with corresponding coMbustion efficiencies of epproxi-
mately 0.78 and O. 71

Typical Operating Limits

. The lean blow-Out limit shown in figure 32 for & tail~pipe burner
operating et a flight Mach number of 0,18 indicates the typical lean.
limit encountered with a series of tail-pipe burners incorporating the
desirable design features previously discussed. These burners were .
slmilar to configuration Jl1 for which performance data are presented,
having slight variations in flame-holder and fuel-injector locations.
Adjustment of the variable-area exhaust nozzle permltted the lean -
blow-out linmits to be obtained while operating near limiting turbine .
temperature. An increase in altitude raised the tail-pipe fuel-air
ratio at which lean blow-out occurred; operation was Possible,
however, at fuel-air ratios as low as 0.004 &t an altitude of
15,000 feet and 0.013 at 350,000 feet. '

With configurations of this type, rich combustion blow-out was
not encountered. Maximum tail-pipe fuel-air ratio was limited in most
cases by operation at limiting turbine temperature with the varisble-
area exhaust nozzle fully opened. For some configurations, where at
high altitudes the exhaust-ges temperature reached a maximum near
stolchiometric fuel-air ratio and no further rise was obtainable at
higher tail-pipe fuel-air ratios, operation was not attempted at mix-~
tures richer than that corresponding to the peak exhaust-gas
temperature.

CONCLUDING REMARKS . : -

The dats presented herein indicate, within the limits of present
knowledge, the selection for each design variable appearing necessary
Tor a tail-pipe burner that will operate with combustion efficiencies
from approximately 85 percent at low altitudes to approximately
75 percent at an sltitude of 45,000 feet. Such & tail-pipe burner
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should include a V-gutter flame holder blocking approximately 30 per-
cent of the cross-sectional area, with the gutters having an included

. 1
angle of 25° to 35° and measuring 15 to 2 inches across the open ends.

A sheltered region at the end of the diffuser inner cone will provide
improved flame stgbility. It is desirable to have a burner-inlet
velocity of no more than 450 feet per second, and & constant burner

-diameter for = distance of 4 to 6 feet downstream of the flame holder.

Introducing the fuel as close to the turbine outlet as possible with
a spray pattern that gives a nearly homogeneous mixture of fuel and
air is extremely beneficiel in raising the combustion efficiency at
high fuel-air ratios and low inlet pressures. The design should
include a cooling liner inside the burner shell to provide meximum
shell cooling. 1In order to obtain efficient thrust modulation, a
workable, continuously verigble-area_exhaust nozzle is offered by
the clamshell design with either external or internel eyelids.
Pinally, a hot-streak ignitor instelled in one of the engine combus~
tors will provide dependasble tail-pipe-burner ignition.

For installstions reguiring tall-pipe burning only at take-off
or et low altitudes, the burner design requirements are modified.
Flame holders such as the pilot-cone flame holder or a single-ring
flame holder, blocking 15 to 20 percent of the burner cross-sectional
area, may be most sultable because of the low-pressure-loss charac-
teristics when the burner is inoperative. Also, less emphasis need
be placed on burner-inlet velocity, burner length, and fuel
distribution.

Lewis Flight Propulsion Lsboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio
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APPENDIX - CALCULATICNS - : S

Symbols . . o e = E
cross-sectional area, sq It : AR o LN
balance scale force, 1b '":L“;§i’
effective velocity coefficient, ratio of sc¢ale Jet thrust to B

rake Jet thrust _ - _ =
external draég of installegtion, 1b . . . : ST
drag of exhaust-nozzle survey rake, 1b ] - I
Jet thrust, 1b e . SR
net thrust, 1b o — ' e
acceleration dug to gravity, 32.2'ft/secz . . - ;
total enthalpy, Btu/lb . i '- : ~ o -
ényhalpy of fuel components in_prqdusﬁg Qf combustion, Btu/lb  ? E
lower heating value of fuel, Btu/lb e
total pressure, lb/sq ft S : ) . : o -
static pressure, lb/sq £t . L . TR e
universal gas constant, 53.4 £t-1b/1b °R
total temperature, °R :
static tempersture, °R : - - - S : e
velocity, ft/sec ' _ - S
weight flow, 1b/sec R .
ratio of specific heats for gases P . Co e e
combustion efficiency ‘ . : - -
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P density, slugs/cu ft

Subscripts:
a alr

e engine
t fuel
g gas

m fuel manifold

t tail-pipe burner

X inlet duct at slip joint
0 free-stream conditions

1 engine inlet

4 turbine outlet

5 burner inlet

6 exhaust-nozzle outlet

Methods of Calculation

Exhaust-gas temperature. - Exhaust-gas total temperature was
calculated from the talil-pipe rake pressure measurements and the mass
gas flow through the tail-pipe burner using the concept of flow con-
tinuilty, where

Te
2r P Te
6 g 6
Wg = pehgVpg = DPghg Yg-1 Rtg <p_6'> -1 (1)
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and

- ,’(f_ﬁ)—%_ 2 p62 2% vg & < > T6 (2)
P8 W R (rg-1)

Combustion efficiency. - Tall-pipe combustlon efficiency is e =
defined as the ratio of enthalpy rise through the tail-pipe burner to ’
heat content of the tall-pipe fuel, disregarding dissociation of the
exhaust gas. i '

-§G0g -

P
"

- (3)

Because differences in turbine-outlet instrumentation smong the
several engines used resulted in verying accuracy of the turblne-outlet
temperature measurement, the enthalpy at the turbine outlet was
expressed. as ) B . . | T

Wg,4 Ha = Wg H1 + Wp,e he,e + We,e Beym (4)

assuming complete combustion in the engine combustor. The enthalpy
at the exhaust-nozzle outlet can be expressed as ' - B

Wg,6 Hg = Wg Hg + (Wf,e + Wf,t) H'e g = Wr,¢ Br.op . _.(5)

The enthalpy of the fuel components in the products of combustion H'f 6
was determined’from the hydrogen-carbon ratio of the fuels by the method
expleined in reference 10. Substituting equation (4) and (5) into . o
equation (3), and thereby crediting the tall-pipe burner only for the B
enthelpy rise due to the tail-pipe fuel gives ' -

Wa (Ba,6 - Ha,1) - We,e Boje + (We,e + We,t) (B'p - Hppp) o =

n = = _ , : 6)
Pyt We ot Beyt -0 - ( L
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Burner-inlet velocity. - Velocity at the burner inlet was calcu-
lated from the expression for flow continuity using the static pressure
measured immedistely upstream of the flame holder and assuming no '
total-pressure or total-temperature change between the turbine outlet
and the burner inlet.

T'4:' 1

_ Vg =ngT4< ) T4 (7)
5 = b5Ase 5 A5

Tall-plpe fuel-air ratio. - Tall-pipe fuel-air ratio is defined
as the weight ratio of tail-plipe fuel flow to unburned air entering the
tall-pipe burner. In obtaining the following equation, complete com-
bustion of the engine fuel was assumed:

£ LA | (@
8 We.e
3600 Wg, - 1

0.067

The value of 0.067 is the stolchiometric fuel-air ratio for the fuel
used.

Augmented thrust. - The augmented net thrust was calculated by
subtracting the free-stresm momentum of the inlet air from the jet
thrust of the installsation.

W

Complete free-stream total pressure recovery was assumed at the engine
inlet.

The Jet thrust used in this equation was determined from the
balance scale measurements in the following manner:

(Px‘PO) (10)
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The last two terms in the equation represent momentum and pressure
forces on the installation at the slip Jjoint in the inlet-air duct.
The external drag of the instellation D was determined over a range

of test-section velocities with & blind flange installed at the engine
inlet to prevent air flow through the engine. A calibrated balance
piston was used to measure the drag of .the exhaust-pozzle outlet

rake Dp.

Standerd engine thrust. - The standard engine net thrust was cal-
culated in the same manner as the augmented net thrust.

WaVO

z (11)

Fn,e = FJ,e =

The Jet thrust obtaineble with the standard engine at rated engine’
speed wag calculated from measurements of turbine-outlet totel pressure,
total temperature, and ges flow obtained during teil-pipe burning opera-
tion. il . . e ;

- o T4-1
_ VWg,4 Td , o\ v
Fae= =g Co N7 18R ™ 1'(?‘ e (12)

Experimental data from previous operation of the engine indicated that
the total-pressure loss across the standard-engine taill pipe between
stations 4 end 6 was approximately 0.032 P, at rated engine speed;
therefore, P'g = 0.968 P4. The coefficient C4 was determined from
calibration of the engine with a standard tail pipe and fixed conical
exhaust nozzle.

- gdoz |

8
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Figure 1, - Typical installation of engine with tail-pips burner in altitude wind turmel.
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(&) Two-ring V-gutter flame holder.

L1rIL LIl

" LUb

() Radial gutter flame holder,

Figure 4. - Flame-holder types investlgated.
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(c) Semitoroidal flame holder."
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(d) Fuel-cooled flame holder.

Flgure 4. -~ Concluded., Flame-holder types investigated.
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Station 4, tation §
urbine outlet bme:n 1n_'|,_et )
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Station 6, exhaust-

' nozzle ocutlet
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Figure 5. - Location of tail-pipe-burner instrumentation.
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Tall-pipe fuel-air ratio, (f/a)y
(c) Burner-inlet velocity.

Figure 6. - Typical effect of tall-pipe fuel-air ratio on burner-inlet conditions.
area exhsust nozzle.
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Tail-pipe combustion efficlency, “b,t’ percent
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Tail-pipe fuel-air ratio, (f/a)y

(b) Burner-inlet total pressure, 400 to 600 pounds per square footj
burner-inlet velocity, 420 feet per second.

Figure 7. - Effect of flame-holder design on tail-pipe combustion efficiency.

Small pllot cone.
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Figure 8. - Effect of flame-holder design on tall-pipe combustion efficlency.
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Figure 9. - Varilation of peak tail-pipe combustlon efficiepcy with burner-inlet totsl

pressure for varilous flame-holder types.

u



46 NACA RM ESOK22

Flame-holder Confilg-
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Flgure 10. - Effect of included gutter angle on tail-pipe combustion efficiency
Two-ring V-gutter flame holders.
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Figure 11. - Variation of peak tail-pipe combustion efficiency with flame-
holder gutter angle. Two-ring V-gutter flame holders.
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Turbine-outlet velocity, V,, ft/sec
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Figure 12. - Typical velocity profiles approximately 6 inches downstream

of turbine.
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b _
(b) Locations of radial-spra.y-tllbe orifices, configuration D2.

'

Figure 13. - Fuel patterns used with configurations D1 and D2.
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(a) Locations of conical spray nozzles, configuration El.
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x/
-

x/_ ‘T/ N\ \

£ ]
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(b) locations of

radial-spray-tiube orifices, configuration E2.

L

XX
(¢) Locations of radial-spray-tube orifices, configuration E3.
Figure l4. - Fuel patterns used with configyrations El, E2, and E3.
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Figure 15. - Effect of radial fuel distribution on tail-pipe combustion efficiency.
Series D configurations (fig. 13).
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Flgure 17, - Effect of direction of fuel injection on tail-pipe combustion
efficiency. '
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Tail-pipe combustion efficiency, nb,t’ percent
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(b) Burner-inlet total pressure, 450 to 525 pounds ver square foot;
burner-inlet velocity, 525 feet per second.

Figure 18.- Effect of fuel mixing length on tall-pipe combustion efficiency.
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(b) Burner-inlet total pressure, 425 to 605 pounds per square foot.
Figure 19. - Effect of burner-inlet veloclty on tall-pipe combustion efficiency.
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Figure 20. - Effect of burner-inlet velocity on peak tail-pipe combustion
efficlency and total-pressure-loss ratio.
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Figure 21. - Effect of combustion-chamber length on teil-pilpe combustion efficlency.
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Figure 22. - Effect of combustion-chamber length on peak tail-pipe combustion
efficiency and total-pressure-loss ratio.
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Pigure 23. - Relation of exhaust-gas temperature and structure temperatures
to turbine-outlet temperature for tail-pipe burner with cooling liner and
fixed-area exhaust nozzle. Liner extended from burner inlet to within
2 inches of exhaust-norzle outlet. Radial space 1/2-inch between liner

and burner shell.
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(b) "Hot-streek” eystem.

Figure 25, - Concludsd. Schemmtioc d.iagram of tail-pipe-burner ignition systems.
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Figure 27, - Vaeriable-area eﬂil-iiiies used with tail-plpe burning.
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Figure 28. - Comparison of velocity coefficients of varisble-ares exhaust nozzles B and D
with that of flxed conical nozzle.
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Figure 30. -~ Over-all performancé of typlcal tail-pipe burner. Altituds,
25,000 feet.
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